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K ARC INTERRUPTION IN PRESSURIZED GASES

P. Chowdhurl, Senior Pk%wber IEEE
Los Alamos Scientific Laboratory*

Los Alamos, NH G7545

SUFWARY

Low-voltage (1000 V and below) dc circuit inter-
ruption is of vital importance to many Indu’,tries,
such as transportation, chemical, etc., esP@clallY
because UF the increasing application of power seini-
conductcw devices. The main areas of interest in the
technology of low-voltage dc circuit InterruptIon are;

(1) short interruption tinW
(2) mtnimum contact erosion

Short. interruption tim Is required to protect
the overcurrent-sensitive devices. Contact erosion
has always been a serious maintenance problem for dc
contractors.

A review of literature showed that most of the
Pr~~joJJs studies on low-voltage dc arc interruption
were made with plaln electrodes to understand the
basic pe~formance of the various gases. It was
thnughl that the arc runners, *he bluwout coils and
the ar? chutes will be essenti?l for low-voltage dc
circuit brr~kers and contactor~. Therefore, it would
he appropm ,ntc to enclose the er!tirr circuit breaker
or contacl.rr In atmospho;”cs of various gases LO
assess its interrupting capability.

TesLs were conducted on a 1OO-A, 60U-V CIC con-
tactor witil arc chutci

*4;’ c:3td’(”:;’:~)mnf ;;:COhbdCtO1- IS about
contac?.or was enclosed inside a 0.15-m3 (S,fl-fl j
steel cylindrical tank ot’ 6t16-Jmn (?7-inch) lwqt.h and
533-?sn (21-inch) Intern,ll diamet~r.

It was found chat the contact sticking problcm
was parlic~larly %evcrc with plain copper cfwlLacts.
It also aopearx?d that the cont,~cl stlcklnrl problem
wns mlnlmlzcd when the moving conlact was th’! posl-
t.lvl~ Plnrlrndr. All tests descrilwxl in Lhls papoI
WOrJ pvrfnrmp,l with coppr.r conLacts brazed wllh \ll-
vlir cnnl,lrt pltll.M, lb Whnlr fl%’icmbly king sllv~r

dlnpr(i, ,lnd with thr moving conlficl connertrd to 1110
prrsilivr side nf the sfJurrc voltage.

Ie\ls wrrr starti.d at :JOLI V cYc, conllnucd In
step> t!) Illqllmr vnlt,lgrz and flllistl,~d aL dIrJIIL 1.35[1 V
with n IW15fm,t r~~;lstlvo Inlml of ahnul ‘J ~~ nhl,l ,Intl
nhnul Ill m (I’M I f ) of crfnncrtlng cal]lc~.

;rwt’1 WPrII porfrmwvl In I iv~ qa%n~ — ilrilIm

IJr V ,llr, nllrmlrw, Iw+llum find hydrnq~n, otwh nf fnul’
pr(,s\ll*”(~~ — d, Ii, l),M, (1.s/ IllIll (),6’1 Mf’iJ (/!1,
!)(), )!1 ,11111loll p%lq),

Grn Il :Ilv, thror Iwtrrrllptlflns wrrc mfilh’ II 0111”11
vf,l[aq~ Irvf ‘, W c.mf.llr!> wrm cllllnqnd nfl:r onill
%PI’ 11*%of 1-’.1 . Thv m,lln Iwwly nf lhr ctJnl,lrl n.” nJIIl
t!lr ,ltl rtllllf, wprl, rlI,lm@ wflly wllrn 1110 “IA< W,I’I
( Ilif:lqoll , ~!ll’ illS[anl l’, thl” SIIHW’ IJMIII hlldy iIJl(l ~h~
a)-, ,-~lllt,, ~lf IIw l~il cnnlal Iwr WP’T Il%d fll~” 1111
~,,!.1 , Ill hy,h’lluwl, hilt tllr l:[JJlt.llrt% Wiilr Cklll@
nfl~” efirh sIv.lrI. nf 10-1 ml A rnr51ant prrs~wi’,

The test contractors never failed to interrupt
the power. The tests were usually terminated when
the highest allowable voltage of the dc machines was
reached or the arcing time was too long or if the
safety valve of the pressufe chamber opened beLause
of excessive pressure build up.

The sunsnary of the test results at 0.17 MPa
(25 psig) is shown in F:g. 1. Average arcing times
are plotted a alnst irlterruptlng power on semi log

!papers to faci itate :rh~arfson of performance a~nb
the five gases.

The performance of the various gases was quali-
tatively assessed by studying their physical and
thermodynamic properties, and ccunparcd with the test
results,

(1)

(i’)

I Ill.

It was concluded that:

For the test conditions: (d) the average arcing
times In helium and hydrogen arc the shorLesL
and that in argon the Iongcst; (b) conLacL
erosion in hydrogen is the worsL aJld thaL in
argon Lhe least; and (c) the sttitlc pres~ure In
the chamber does not appear to h,lvc much effect
on the arc Interruption phenomenon,

For relativflly low-power and S1OW-SPCPI-I lnLcr-
ruptirrns, such a! crmtactnrs, argon would II(I tlw
best medium because It produces the lca~l cun-
tacl erosion. ror hlyh-powrr M hi,”’ -ipur?d
lnterrup Llrms, such as clrcuil. Drrdrr%, helium
or hydrogoJl WOUIII bC Lhr IJSYSL SUILal~lU.
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DC AAC INTERRUPTION IN PRESSURIZED GASES

P. Chowdhurl, Senior tier IEEE
Los Almnos Scientific Laborator~

Los Alamos, M! 87545

Abstract - The purpose of the study was to :n-
vestl-e possibility of achieving (1) short
InterruptIon time and (2) minlmm contact ●rosion In
a de circuit interrupter. Arc interruption tests
were perforated on a 1OO-A, 600-V de contactor under
atmospheres of ar on dry air, nitrogen, helium and

1hydrogen, each at our pressures 0.17, 0.340 0.52 and
0.69 wa (25, 50, 75 and 1~ Pslg). It was found
that ‘he average arcing time In hellun and hydrogen
was the shortest, and that in argon the ‘longest for
the circuit conditions used. The contact ●rosion in
hydrogen was the vmrst, and that in argon the bes’-.
for the contact materials used in the tests. The
static pressure in the chati?r dld not appear to have
much effe:t on the arc Interruption phenomenon for
the contac!~r and gas pressures used.

INfRODUCTIM

Low-voltage (1000 V and below) de circuit inter-
ruption is of vital Importance to many industries,
such as transportatfon, chemical, etc., especially
because of the Increasing application of power semi-
conductor devices. The main areas of interest If, the
technology of low-voltage dc circuit interruption are:

(1) short InterruptIon time
(2) minimum contact erosion

Short interruption time is required to protect
the ovwcurrent-sensitive devices. Coniact erosion
has always been n serious maintenance problem for dc
contractors.

A revi~ of literature showed that rm)st of tte
previous studies on low-voltage de arc interruption
were made with plain electrodes to understand the
basic performance of the various gases. It was
thought that the arc runners, the blowout coils and
the arc chutes will be essential for low-voltage dc
c{rcult breakers and contractors. Therefore, it wou?d
be appropriate to enclose the entire circuit brefl~’cr
or contactor in atmospheres of various gases to
assess its Interrupting ~apabiilty.

REVIEV OF PAST UORK

Sufts studied electric arcs between copper
electrodes In atmospheres of nitrogen, helium, and

h
ydrogen at 1500 V dc and in the range of 1 to 7 A
1, Tile arc voltage incr~dsed two timeS at a pres-

sure of 100 atmospheres of nitrogen from that of me
atmosphere, and five times at 1000 atmosphere~. The
effect of press,Jre In hellum was s)mllar to that

~’ork perfilrmcd at (irne7Electric Company, Erie, PA,

In nitrogen. Attempts to obtain measurements in
hydrogen showed a striking instability of the hydro-
gen arc at hi h pressures. After 12 attempts at 1000

iatmospheres o hydrogen, It was found that the arc
was extlngulshfng by virtue of its instability so
rapidly that the oscfllograms showed only vertical
traces where the current decreased to zero and the
voltage rose to the full generator value. At this
pressurq, the arc duration was less than 10 ms.

In nls lacer study, Suits studied the Sradlent,
the arc voltage and the current density in an one-
atmosphere hydrogsn arc between pllre carbon elec-
trodes In the 0-10 A range [2]. Rapid motion pic-
tures of the hydrogen krc at pressures abov~ atmm-
sphere showed violent arc movements originating from
convection forces.

Browne found that the” ac arc In hydrogen has

~;~o~;~f$~:~a;~,~erylight hydrogen ions
very hi h rate of dielectric recuvery because of high

bon-dioxide,
oxygen, helium and car-

For Instance,’ at 350 ~s after current
zero (600 A, 60 Pt), the dielectric strength of
hydrogen iS 500 V/cm; of air IS 120 V/cm; of oxygen
IS 190 V/Cm; of helium is 20LI V/cm; and of carbon
dioxide Is 230 V/cm.

Von Engel cornpar?d the field intensity of arc

\]voltages in different gases 4 . He found that at
100 A, the field ir,tensity n hydrogen is about 20
times higher than that in air. N~xt to hydrogen
comes water vapor.

To determ~ne the effect of water vapor on arc
chariicteristfts, arcs with direct currents in the
range from 20 to 200 A were studied by Benner and
Jones at atmuspher!c pres!ure in air containing water
vapor in controlled quantities [5]. The water vapor
c’~ntent of the air was varied from 0,15 to 100 pet
cent by volume which corresponds to conditions from
extremely dry a!? to saturdted stem. Iron, copper,
tungsten and graphite were used for the arcinp elec-
trodes, It was found that the presence of water
‘. apor causes &n increase in arc vol!age compared T2
;ne arc voltage in dry air, “IiS increase is I)uch
greater for the electrode materl~ls, ron al]d copper,
than for tungsten and graphite, These voltage in-
creases appear tc uccur in buth the arc column and
the electrode drop regions. From an analysis of Lhz
results, it appea,s that the differences between th~
effects of air and water vapor on the arc derive from
the predominant roles of the )argc specific heats 1$~
Water vapor and hydroyw, and of the gr~at @nergy
tra”lsferring ~roperti~s of hyd..oscn attr~hutnble to
tts relatively small mass,

Fmrall and Cobine made a study to determine the
average ddration of dr. arcs if) various

!

ases at
slightly higher then atmosph~”ic pressure [6 , These
arcs were drawn between lq.1-nrn (3/4-inch copper
contacts in a l-liter vessel with power beirq
sup~l!ed from a 125-V dc gvncrator. The gases
studied were hydrogen, nitrogen, heliumj tulfur
htixafluoride, and oxyqen. If, wos fuund that in the
current range studied (tbout 1 to 4!IA) arc duration
kns ti~ways statistical bnd finite, and that, above
5 A, aver#ge arc duration incruesed for th~se gases
iII the order listed above. In the ca~e of uxygrn and

1



sulfur hexcfluoride, arc stability is believed to
have been strong?y affected by arc reaction products.

Sulfur hexafluoride (SF6) has
f’]

roven to be u
good interrupting medium for ac arcs 7 . Because of
Its electronegative nature, SF6 recovers its
dielectric strength very fest after the current In an
ac system passes through zero. That Is why It is so
successful as an Interrupting saedisss in at circuit
breakers. For dc systewss, however, ihe arc voltage
drop has to be higher than the system voltage to
queflch the arc. Th4s is an important criterion In a
dc interrupter. Unfortunately, the voltage gradient
in an arc in SF6 is about as low as that in nitro-
gen[8], [9].

Basically, the interrupting ability of an inter-
rupter is very much dependent upon the ratio of the
heat accumulated in the arc space to the rate of bent
loss to the arc boundary. This ratio, known as the

?
arc time constant, was prcposed by Cassie [10 , Mayr
~1] and Browne [12 to study the behavior o an arc

?under various cond tions. The lower the magnitude of
the arc time constant, the bztter will be the inter-
rupting ability of the interrupter.

Yoon and Spindle used this tool to study the
relative arc-quenching ability of SF6, air, N

?’
~$’Nflf13’’}03F* 02 and the mixtures of S6Their tests were performed on stable
arcs, i.e., with constant arc current and arc
length. Copper “cages” were used to stabilize long
arcs. These cages were made UC of insulated flat
copper rings with various inside diameters and ring
spacings.

For a 1-A vertical arc of 25.4-nsn (l-inch)
ltngth in a 14 3-nsn (9/16-inch) ca9e, the arc time
constants ut various gases at 0.41 Wa (4 atmo-
spheres) pre$sure were as follows:

SF5 : 2 us

He : 8.5 PS

Air : 115 ps

N2 : 435 us

For a 6-A vertical arc of 76,2-Inn (3-inch) length tn
a 6.4-nsn (1/4-inch) cage, the arc time cunstants of
$F6 ard He at 0.41 MPa (4 atmospheres) pressure
were as folluws:

SF6 : 9,5 )AS

He 585ps

Under these conditions, the arc time constant of He
wos lnkrr thfin that of 5~6 uo to 0.61 Wa (6 Atmo-
spheres) of pressure. It was found that the arc time
constant incrcase~ wfth inc.re~$e in cage diam~trr and
curr~nt,

The authors conclude’ that St’
f

is about 10G
time:, b~tter in ac interrupting ab lity than air.
H~wever, Browne showt?d that the arc time constant for’

ir was only 5 times greater than that of 5F6
!1l’1 . It should be pointed out that Browne’s data
were taken from actual circuit-t’reak~r performance
und?c high-pressure and high-flow conditions whereas
the Yuon.Spindle data were taken on stationary gas.

It is evident that considerable disagreement
remains concerning the perform~nc- of the various
Qasrs in arc Interruption.

IXT PROCEDURES AND RESULTS

Tests were conducted on a 1OO-A, 60C-V dc con-
tactor with arc ciwte. The contacts were made of’
copper with silver contact plates brazed to them, the
whole assembly being s!lver dipped. The otal volume

$of the contactor is about 8495 cm3 (0.3 ft ).

Th contactor wds enclosed inside a 0.15-Irt3

15”4-ft$l
steel cylindrical tank of 686-lml

27-inch length and 533-Inn (21-inch) internal diam-
eter. This pressure tank was manufact~red to conform
with the ASME Code for Unfired Pressure Vessels. The
pressure tank was fitted with a safety valve and a
relief valve. The safety valve would open with slow
build up of pressure. It would bypass the relief
valve and vent to the atmosphere. “~he relief valve
would open with sudden build up of pressure, dis-
charging to the atmosphere through vent ports situ-
ated in the valve body. The relief valve was set to
open at 5.17 UPa (750 psi), and the safety valve at
4.96 MPa (720 psi). The power and control leads wers
brought to the contactor through bushings fitted to
one enti plate of the tank,

The electrical schematic diagram is shown in
Fig, 1. The dc machine~, the resistive load atld the
breaker #l were situated in a building 30.4 m
(100 ft) away from the test contactor. The power was
brought o’lt of the building via cables 1.o the knife
switch, the back-up circuit breaker #2 clld the test

contactor which were located in a semi-enclosed area
outside of the building,

The Instrumentation room was situated about
7.6 m (25 ft) away from the press~re tank, the inter-
vening space being fiiled with old and unused water
boxes, The instrumentation room contained the CPO,
the control power and the various valv~s f’m evacua-
tion and filling the pressure tank with the gases at
the desired pressures.

The 38-V dc control power to the test contactor
was brought through a contactor. Tbii was done for
isolation as a safety precaution, The voltage across
the normally open contacts of tile ccmtactor was
brought to the “EXT” trigger terminal of time base 8

DC
qtr.mllu

r
p

1
l--

“S#

l-y-l
CQOIII1IMtkn”l’1

Fig, 1. Schematic of electric circu~t fcr arc
interruption,



Ftg. 2. Schematic of gas circuit for arc
interruption.

of a Tektronix 585 CRO through a network (Fig. 1).
The CRO was operated at its “A delayed by B“ mode of
operation. This was done in order to photograph the
steady-state voltage (which was zero) across the con-
tacts and the steady-state current through the con-
tacts prior to arcing so that no part of the traces
of the arcing current ml arcing voltage was lost.
The length of the steady-state traces could he varied
by varying the delay time control of the CRO. The
Tektronix type M plug-in preamplifier was used in the
chopped mode to record the arc current and voltage
simultaneously, The ~rc current was measured by a
ribber, type shunt and the arc voltage was measured by
a 100:1 special voltage proiw of 12.2 m (40 ft)
length designed in the laboratory.

The sequence of operat~on was as follows. The
pressure tank was cvacuatcd by the vacuum pump to a
pressure of 0.58 kPa. The pressure tank was then
pur ed Several times with the test gas before being

!fil ed with the test gas at the desired pressure.
The scl)ematic of the ga; lin~s and their corrtrols is
shown in Fig, 2. The breaker #l and the knife zwit~h
in t?e test area were thel closed. The breoker #l
could also O? open~d, tn case of emergency, by oppn-
ir,g a foot. switch situated in the instrum~ntatton
room, The dc machines were then excited to the
desired toltage. The actual interruption tf’st was
done fn thr followiny sequence:

(1) Close test ccrntactor
(2

I

Close back-up break~f #2
[; Open test contactor

Open ba~k-up breaker #2

Tests were $tarted a?. 200 V dc, continued in
steps to higher voltages and finishf!d at about 1350 V
with a constant resistive load of about 0,8 ohm and
rIIJcut 61 m (200 ft) of c(~nnecting tablet,

Tests wrrc $erformcd ir, five gases -. argon
dry cir, nitrogen, helium and hydrogen, @ach at four
prI?SSU~CS -- @,17, ~,34, 0,52 and (),69 )#Ja (?5,

50, 75 and 100 pslq), Th@ purfty and dew point of
euch gas are shown if] Table i,

Generally, threr !nterruptlons were made at each
voltage level. Tht contacts were changed after @ach
ser!cs of test. ?he m~!n body of the contactor and
the arc chute were (hanged only when the gas wa$
changed. ror lnstan(r, the same main body and the
arc chute of the te”.t contactor were used for all

tests in hydrogen, but the ccntacts were changed
after each se}’ics of test at a constant pressure.

TABLE I
Specifications of Gases Used

Argon Ory Air Nitrogen Helium Hydrogen

Purity% 99.997 - 99.998 99.995 99.5

Oew Point -60 -62.2 -62.2 -60 -60
Oc

Th’ test contractors never failed to interrupt
the po-er, The tests were usually terminated when
the highest allowable voltage of the dc machines was
reached or the arcing time was too lorg or if the
safety valve of the pressure chamber opened because
of excessive pressure build up.

The surrsnary of the test results Is shown in
Figs. 3 and 4. Average arcing times are plotted
against interrupting power on semilog papers to
facilitate comparison of performmce among the five
gases. Typical oscil lograms of arc current and arc
voltage in the five gases at 0.17 MP.s (25 psig) and
two system voltages are shown in Figs. 5 to 9. The
physical conditions of the contacts after Path series
of tests are shown in Fig, 10.

OISCUSS!ON

It should be emphasized that all tests were per-
formed with a constant resistive load of 0.82 ohm and
the inductance associated with approximately 61 m
(200 ft) of connectin~ cable. The ir,terrupting power
was varied by varyiil~ the source voltage. This was
done because of two eas$ns, First, i! was simpler
and faster to vary the interrupting power by varying
the voltage. Second, contact sticking problem was
ttlcotir,tered when tne interrupting pcwer wa$ increased
by lowerj.q the load resistance wtth the source
voltaqe held constant at 600 V. !t is believed that
it is more difficult to interrupt a given power wit),
highe: source voltage than with higher load current,
neglec.inq the contact sticking prohlf!m. This belief
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Fig. 5. Oscillograns of arc current and arc voltage
at 0.17 MPa (25 p<ig) lr argon at 600 Vdc.

is tls~d on the fact that the arc voltdge has tc be
highi:r than the source voltage for successful inter-
ruption in dr systems.

It was found that the contact sticking problem
waj particularly severe with plaln copper contnrts.
tt also appeared that tht contact sticking problem
was minimized whn the moving contact was th~ posi-
tfvc rlcctrodt, All tezts described in this paper
werr perfonnerl with copper’ contacts brazm! with
silver contact plates and with th~ mrvin~ contact
conn~ctcd to the positive tide -f tl,f! sourcf voliage,

1*, w!lI be ~vtdent from Figs, 3 Onrl 4 hat th?
Stht!c as pressure does not %e?m to have my slgnif-

?ir,ant r feet on the arcing timp.

Comparing the five gases (Figs. 3 and4), it was
found that the arcing t~me was the lcngest fr, argon,

Air and nitrogen are comparable to each other, ta~ing
tiw second longest time tn fnterrupt an Jrc. Hellum
and hydrogen take the shortest tinw to Interrupt an
arc.

The performance of the various gases can be
qualitatively assessed by studying their physical and
thermodynamic properties, lh~ ar~’.lg time ~a of a
dc arc can be ●xpressed as [15]

Ta ■ L~lOdi/(V-Rl-Va)

where V ■

■L
1=
i=
Va ■

source vsltage,
system Inductance.
system resistance,
Inltlal arc current,
Instantaneous arc current, and
arc voltage,

TM arc voltage Va snzst be higher than (V-RI) for
the arc to quench. For the same system conditions,
the arcing time will decrease If the arc voltage Va
Is rectangular and as high In magnitude as possible
without endangering the system insulation [16].

A rectangular arc voltage Is never achieved in
practice. Ihvever, its rise time can be shortened by

~~j~~~inlo~’~he sa~ interrupter, however. the rise
contact-opening spred of the inter-

tim$ can be SI nificantly reduced, and the magnitude
!of the arc vo tage increased if the gaseous medium

has high thermal capacity, thermal conductivity and
diffus{vity. High thermal capacity of the gas would
lower the arc temperature, thus lowering its electri-
cal conductivity and increasing the voltage drop
across the arc: high thermal conductivity of the gas
would cool down the arc column at a high rate by
transferring heat frc+n the arc to th~ surrounding
COO] gas according to the relationship [17]

dH/~t ■ -kfi(~T/dr)

where H ■ heat flux,
k ■ thermal conductivity,
A m surface ar~a of the arc column,
T ■ temperature, and
r . radial distance from the arc.

High diffusivity would deionize the arc column by
transporting the i,ns to the surrounding enclosure
accoro!ng to the relationship 17

dnlat ■ q + D~2n

wher~ n “ number of ions In a unit volume,
q ■ number of ions generated in a unit volume/

second,
D = coefficient of diffusion.

The ability to withstand the system transient
recoverv voltage after arc quenching is albo an
Importnnt performance criterion for an interrupter.
The post-arc recovery of an interrupter is achieved
In two sta es:

?
thermal recovery and dielpcfric

recovery. nsnediately aftrr current zero the arc
path would have enough electr~cal conductivity that
would generate ohmic heating by t hc resulting
transiwt recovery voltage, Eacessivr heating would
cause a restrike. Howrver, if the ions are disp~rser!
by cooling and diffusion, the thmrmal recovery of the
arc path will be complete. Hi~h thermal condu~t~vity
and diffusivity of the gas would play an Important
role for successful th~rmal recovery, Diel@ctr!c
rpcovery starts after the thermal recotierj 15
complete, when no ohmic hedting of the arc path tcAr.
place. The dielectric strength of a gfis increases M

Its temperature decreases, The interrupter will hav?
a successful dielectric recobery if the rate of ris~
of tl,m transient recovery voltage and the rate of
dielectric recovery are such that the Instantaw!ou$
value of th? trans!ent recovery voltage is never

,
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(a) At 600Vdc (b) At 1200Vdc
Current trace: 300A/squ8re; 5ssssquare Current trace: 750A/square; 5ihns/squart
Voltage trace: 500v/square; 5ms square Voltage trace: 500V/square; 5Gmlsquare

Fig, 6. Oscillograms of arc currents and arc voltages at 0.17 Wa (25 Dsig) in dry air.

(a) At 600Vdc (b) At 1200 Vdc
Current trace: 300blsqu8re; 5mslsquRre Current trace: 750A/square; 50ms/squbre
Valtage trace: 500V/square; 5ms/square Voltage trace: 500Llsquare; 50ms/square

Fig. 7. Osc{llograms of arc currents and arc voltages at 0.17 MPa (25 psig) in nitrogen.

(a) At 600 Vdc
Current trace: YYMlsquare; 2mslsqu8re
Voltage trace: 500V/squ8re; 2ms/squ8re

Fig, B. Oscil lograms of arc currents and

higher than the instantaneous dielectric strength of

the gls bl the arc path. This requires a get of high
dielectric strength.

Table 11 shows the pertinent physical and ther-
modynamic propcrtlet of the gases, Data on the dif-
fusivity are not resdily available. T’ereforr, the
aata on !rmbility tre given, because nmbllity is
dfrectly proportional to the coefficient of diffusion
by the [inst@in relation. The temperature and pres-
sure conditions of this lablc do n,ot represent those
of an actual interrupter. Houevw, the data show the
relat!v~ standing cf the ga%~$.

Yhe dnta in Table 11 corroborate Jur exp-rl-
mel.t~l evidence that the arc d~~#Llon In hrgon

(b) At 1200 Vdc
Current trace: 7504/squarF; 5mslsqu6re
Voltage trace: 500V!Square; 5m*,/square

arc vnltages at 0.17 PtPa (25 Psig) in he’, ium.

ts the longest, and that in hellum and hydrogrn the
shortest. None of thr gases has high dl~lectr’ic
Strength. Hoti@ver, the hiyh cooling rate of helium
and hydrogen would prov!de high post-arc recovery
rat? which IS a Criticll performance rritrrion for
c{rcuit interruption.

only visual inspection was made of tho physical
conditions of the contacts, arc chute and the main
body of the contractor. lhe contacts are shown in
Fig, 1’J. It will be noticed frm Fig. 10 that the
silver .tipped contacts are eroded the least in
argon. Hydrogen ●roded the contncts th~ most.
Interruption in hydrog~n produced hea~y blister% on
the ~,mtact tips and charred the contact surflce
black, &Y mir and nitrogen are comparable to ●ach



(a) At 600 Vdc
Current trace: 300Alswre; 2m/squme
Voltage trace: 500V/squ8re; 2mslware

F’fg. 9. Oscillograms of arc currents and

other for contact erosion, and are the second worst
media. Helium is the second best medium for contact
●rosion. For contact erosion, the Sbses are, In
order of preference: Argon, helismr, air/nitrogen and
hydrogen. The arc chute remained fairly undamaged In
all five gases. However, the main body of the con-
tacto: was damaged during Interruption in argon and
air. In nitrogen at 0.17 f4PtI, part of the arc ,unner
broke loose because of melting caused presumably by a
stationary arc. The molten metal dropped on the
bolts of the contarts, thus making ft ir..possible to
disassemble.

It should be observed from the oscillograms of
r:gs. 5 to 9 that arc interruption is cmpleted in
two stages. Ourlng the first ~.tage, the 4rC v01ta5e

increasrs slowly with the accompanying ;1OW decrease
of the arc current. Lkuring the %econd stage, the arc
voltage increases rapidly acrompained by a rapid
d~cre~sr of the arc current, The f!rst stage occurs
durinq the opening of the contacts when the a~”c is
still stationary. Ourlng LFP second stage, the arc
is blown to the ~rc runners by the blow-out coil and
1s, therefore, rapidly lncreaslnq in length. The
duration of the first stagr in hydrogen spems to be
longer than that {n tne other four gase<. The ex-
c~ssive contact erosl ,1 in hydrogen may have been

cd:Jsrd in part bj ll,aqtring stationary arc.

~oltaqc splkp> were obsrrvcd at the lnStant Of
interruption In nttrogon, hydro~en and h(lium, the
highest vo!tagr spikes bc!ng generat~d by hydrogen.
Hydrog~n pro~uced ?oltage spikes also during arcing,
An arc in hydrogen will thut act as a source of
broadband e!ec!rical noise. Mgative current spikes
wrr also obsc~~ed at the instant of intp-ruption !n
hyd? oq(,nm @speciR’!y at lWC? snurcc voltage levels.

TABLr II

i’wlinent Phy:,lcd nn,i lhc.mociynamic P~oprrties
of Ln’,r”. A! /f3k And 760 nm Fig

Ar NZ He H.. . .—. . . ----- ---- ..,.—... .—— — —— — -

Sp,I;. i~Ic hc~t rapa~l!i Cp 0,5? 1.04 5.19 14.19
(,1/g-K) [181 - [?()]

Thl,rmal condu, ?lvity l@.6 23.0 14?,0 162,C

(mH/m-K) [19 J- [?1]

Motliltty of

h
os!live ions 1,3? l.?? 5.0!) 5.9

(cm/slV/cm) l)

;n!t:l’:;:?::;’d~ frca’ ‘ “ ‘0 “

Minimum sparking vOltrngc 137 251 156 2?3
(v) [17]

arc voltages at 0.1? PF’a (25 psig) In hydrogen.

..: ~,

after each scrle:.

argon as a medlurr of

Fig. 10. photograph of contac~s
of tests.

Th~ inferior performance of
arc interruption was previously sho-wn by Forrall ana
Cobine at a much lower power level [6] , Our rf;:~~~
confirm this observation at a higher pcwer
However, it was surprising to observe tha! Cor,, act
●r~sion was the least with argon in spite of the
longest arc duration. Chemical reaction of the sur-
rounding gas with the contart material 1S partly
responslb)e fo- contact ercsic - . Argon, being one of
the most Inert gas?>, would have thp least reaction
with the contact materials. Perhaps this is the
reason for the lrast contact erosion in argon,

Although Farrall and Cohlne [6] showed thdt

heli,m is inferior to r,ltroger for arc lntrrru~t;on
nbo~c 5 A, our test results place hellm in the s~~r
clas:. as hydrogen, This is ,n l!ne with the ohr,c’.a-
tf”n of Yoon and 5pindle [11] who found thai th{ arc
tim~ :onstant for helium 1s much shorter than tha of
●ither air or nltrog~n.

YCION and splnrlle [13] found that the arc tlmr
constant in n:trogen i$ several tlmcs largr! tt,ar.
that {n air, altnough fa~rall and cobire [[~JfouI-I.:
the average arc duration in nitorgen compara; lc ml:ll
that in hydroger abotie 20 A. Our test re$u!$.t 5}17*
that air and nltroq?n are comparable as arc \ntPr-
rupting mdla.

The perforr,;ancc of hydrogen did not qultc ~flq~’
~p to our PKpectatlons. Although OUr te>ls ● rrr n!lt

6



carried out up to fnllure, marlng tlm ●rciy tl-s
It 1s ●stlasted that ~ interrupting ebll ty ot
hydrogen =Jld not M better than w tt~ ‘h@t of
●ir under mm ●mperimttl cmlltlons. It is antlc-
lpt’~ th~t the influence of tne uc rwn’ws and the
arc chute ■l@tt have ■tskad the tnflmce of the Wr-
mmdl~ gM to ~ degree.

TtH long deley of UR hydro~ src h being
trensferrsd m th wc futners hm Certmfnly con-
t?ihmd to tb llmlthtlon. B,ceuse of Iwqmtibi 1-
Ity h- hydrogen and sllver-tIppsd cmtuts.
bllsters appeared at th origin cf the ●c m the
cmtects. This produced “sticking” of the arc ●t its
rOOtS. It W ●nticipated that this required larger
force to mve the m m to the arc rwwr; Iwnce,
the delay.

~CLUSItiS——

(1) For the test condltfons:

(t) tlm average arcing times In hcllum mvd
hydrogen we the sho”test and that In
●rgon the longest;

(b) contact e?oslon in hydrogen Is the worst
ano that In firgm th least; snd

(c) ttw static pressure In the Ch-er does
Mt appear to hive uch effect on the arc
Interruption pnermmmon.

(?) Far relatively lm-pduer mid slow-speed intw-
ruptlons, such is contractors, argon would be the
M! mdim because it produces the leMt con-
tict ●rosion. For high-poser and high-speed
interruptions, such as clrcult breakers, hellm
or hydrogen nmuld be the M-L stiitable.
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